Objectives Radiographs are often performed to assess pelvic and hip parameters, but results depend upon correct pelvis positioning. Three-dimensional (3D) reconstruction from biplanar-radiographs should provide parameters that are less sensitive to pelvic orientation, but this remained to be evaluated. Methods Computerized-tomographic scans of six patients were used both as a reference and for generating simulated frontal and lateral radiographs. These simulated radiographs were generated while introducing axial rotations of the pelvis ranging from 0°to 20°. Simulated biplanar-radiographs were utilized by four operators, three times each, to perform pelvic 3D-reconstructions. These reconstructions were used to assess the trueness, precision and global uncertainty of radiological pelvic and hip parameters for each position. Results In the neutral position, global uncertainty ranged between ± 2°for pelvic tilt and ± 9°for acetabular posterior sector angle and was mainly related to precision errors (ranging from 1.5°to 7°). With increasing axial rotation, global uncertainty increased and ranged between ± 5°for pelvic tilt and ± 11°for pelvic incidence, sacral slope and acetabular anterior sector angle, mainly due to precision errors.
Introduction
Coronal and sagittal pelvic radiographs are often carried out for the assessment of hip disorders. However, interpretation is difficult because the projected morphological features of the acetabulum, and almost all radiological parameters of the hip, depend on the position of the pelvis [1] [2] [3] [4] [5] [6] , which can vary considerably between acquisitions. Because this assessment will substantially influence diagnosis and treatment, more accurate analysis of the morphologic features of the acetabulum is essential. This has led to a growing interest in threedimensional (3D) imaging of the pelvis with computerized tomographic scans (CT-scan) [1] . Three-dimensional CT-scan analysis provides accurate local diagnoses and allows surgical planning in the setting of pathologies such as congenital hip dysplasia and impingement syndrome. Furthermore, it can be used to understand the mechanisms of hip dislocations after total hip arthroplasty. However, CT-scans expose patients to high doses of radiation. In addition, since CT-scans are performed in a supine position, standing positional parameters such as pelvic tilt and sacral slope cannot be adequately assessed. Low-dose biplanar radiographs could be an interesting alternative [7] [8] [9] , since they allow low dose acquisition in the standing position, with 3D reconstruction of multiple skeletal segments. The methods of 3D reconstruction using biplanar radiographs have been previously validated for the spine [10] , lower limbs [11] [12] [13] and proximal femur [14] .
Despite the reported advantages of this system, it is often difficult to control the exact position of the patient during the acquisition in daily practice. Pelvis rotations (axial, tilt and obliquity) could affect the visibility, on the frontal and sagittal radiographs, of some of the anatomical landmarks of the pelvis used for 3D reconstructions, potentially leading to reconstruction errors. Therefore, the accuracy of the radiological parameters defined from 3D pelvic reconstruction could be affected, with possible negative implications on the diagnosis and treatment of hip pathologies.
The effects of patient axial malpositioning on twodimensional (2D) pelvic parameters have already been assessed on cadavers [1] [2] [3] . However, to our knowledge, the only study that had reported its effects on 3D radiological parameters [9] was based on a single dry cadaveric pelvis (without the surrounding soft tissues) and did not focus on the effects of axial rotation on the 3D radiological parameters.
A study of the effect of patient malpositioning, during biplanar radiograph acquisition, would necessitate repeated pairs of frontal and lateral radiographs of the same subjects at different axial rotation positions. This would not be ethically feasible, considering the unnecessary radiation dose to which these subjects would be exposed. Otherwise, a large number of cadaveric pelvises would be difficult to obtain. However, digital reconstruction of lateral and frontal radiographs from 3D pelvic CT-scans, in the calibrated low dose biplanar radiographs environment [15] [16] [17] , could overcome the aforementioned obstacles. Indeed, this innovative numerical technique allows the simulation of a change in the direction of the X-ray source, thus generating an unlimited number of lateral and frontal virtual radiographs, at different increments of axial rotation, from the same CT-scan images.
The aim of this study was to evaluate the influence of pelvis axial rotation on both trueness and precision of the most clinically relevant pelvic and hip parameters obtained from 3D reconstructions, based on low dose biplanar radiographs and the associated reconstruction methods.
Material and methods

Population
Helical pelvic CT-scans of six patients (slice thickness: 0.6 mm, resolution: 512 × 512, pixel spacing: 0.7675 mm) were extracted from the database of the radiology department of our university hospital. All six patients had undergone CTscans to investigate abdominal disorders and none had orthopedic complaints. Patients had an average age of 48.1 ± 29.1 years, ranging from 15 to 80 years, and were equally distributed between both genders. Patients undergoing clinical exams at our university hospital are systematically asked to sign an authorization that allows the use of their anonymous data for research purposes. The design of the present study was approved by the institutional review board of our university.
Pelvis 3D reconstructions
CT-scans were used for two different purposes. First, the CT-scan images were used to create a 3D reconstruction of the pelvis. This 3D reconstruction was used to determine the values of the pelvis and hip radiological parameters that were considered as the references. Second, the same CT-scan images were used to generate pairs of virtual radiographs, in the calibrated low dose biplanar radiographs environment [15] [16] [17] , while introducing axial rotation of the CT volume from 0°to 20°, in 5°incre-ments. This allowed the generation of five pairs of virtual radiograph (at 0°, 5°, 10°, 15°and 20°of axial rotation) for each patient. These pairs of virtual radiographs were then processed using previously described techniques to obtain the 3D reconstruction of the pelvis [7, 11, 12, 18, 19] in each selected axial rotation position. Briefly, the 3D reconstruction technique of the pelvis is based on the detection of anatomical landmarks of the pelvis and proximal femur, on both the lateral and frontal radiographs, such as sacral plate contour, sacro-iliac joint, acetabular rims, anteriorsuperior iliac spine, pubic symphysis, greater trochanter, femoral neck and femoral condyles (Fig. 1a) . This allows a first estimation of the 3D pelvis shape that can be retroprojected on both images. The model is then adjusted by modifying the pelvic contours on both frontal and lateral radiographs for a best fit between retro-projected and radiographic contours (Fig. 1b) .
Measured parameters
From the subject-specific 3D reconstructions based on biplanar radiographs, pelvic and hip radiological parameters were automatically calculated (Fig. 1c) . The considered positional parameters were pelvic tilt (PT), sacral slope (SS) and pelvic incidence (PI) [19] [20] [21] [22] [23] [24] [25] . The considered acetabular parameters were: the center-edge angle (CEA), which indicates the superior coverage of the femoral head [26] ; the acetabular coverage (AC), which represents the ratio of femoral head surface covered by the acetabulum [8] ; the acetabular inclination (AI), which represents the inclination of the plane of the acetabular edge [8] with respect to a vertical axis; the acetabular anteversion (AA), which represents the orientation of the plane of the acetabular edge with respect to the postero-anterior axis of the pelvis [27] [28] [29] ; the Idelberg and Frank angle (IFA), which indicates the acetabular depth [30, 31] ; the acetabular anterior sector angle (AASA) and the acetabular posterior sector angle (APSA), which reflect the coverage of the femoral head by the acetabulum anteriorly and posteriorly, respectively [27] . All these parameters are illustrated in Fig. 2 .
Data analysis and statistical method
Four independent qualified operators (different from the person who generated the virtual radiographs) performed the 3D pelvic reconstructions using the biplanar radiographs. Each operator reconstructed all six patients, in all of the axial rotation positions (Figs. 2 and 3), in a random order. The reconstruction from each pair of virtual radiographs was repeated three times by each operator with 1-week intervals. Thus, 12 biplanar radiographs 3D reconstructions were available for each patient at each axial rotation position.
For each radiological parameter, trueness and precision were evaluated for all patients, in each axial rotation position. The reference value for each radiological parameter was obtained from the CT-scan 3D reconstruction as mentioned above. Bland-Altman plots [32] were generated for all parameters to investigate possible significant differences between operators.
In agreement with metrology standards [33, 34] , two elements were quantified: trueness and precision. Trueness, also reported as validity, is defined as the agreement between the average of repeated measurements and the reference and represents a systematic error, which quantifies the measurement bias (δ) [33] . Precision, also reported as reliability, is defined as a random error that represents the agreement of the results obtained by replicate measurements by multiple operators. This error is often assessed by calculating the intraclass correlation coefficient (ICC). In this study, the ICC (2, k) model was calculated for each parameter, at each axial rotation position, on the whole data set. However, ICC does not provide results directly related to the quantified uncertainty of measurement (angles in degrees, distances in mm). For this reason, precision was also assessed according to the guidelines of ISO 5725-2 standard [34] through the reproducibility standard deviation (S R ), which involves both the intra-and inter-observer variances.
The global uncertainty (±ε) on the result of a measurement includes both the systematic (trueness) and random (precision) errors. It was calculated as the sum of the bias (δ) and the 95 % confidence interval (CI 95% ). In this study, we chose to express global uncertainty in its most Bunfavorable^definition (the one that results in the highest absolute error), using the absolute value of the bias and 2 S R for the 95 % confidence interval: 
Results
In the neutral axial rotation position
Results for bias (δ), reproducibility standard deviation (S R ) and global uncertainty (ε) in the neutral position (0°of axial rotation) for each radiological parameter are summarized in Table 1 . Pelvic tilt exhibited both the lowest bias (δ = 0.1°) and reproducibility standard deviation (S R = 0.75°) providing a global uncertainty (ε) under 2°. For most of the parameters, bias was contained between 0.5°and 1.5°, and the reproducibility standard deviation between 1.5°and 2.5°. For Acetabular coverage, which was the only parameter expressed in percentage, bias was about 1 % and the reproducibility standard deviation was about 2 %. The highest bias was found for Acetabular posterior sector angle (δ = -2.9°) and the highest reproducibility standard deviation for the Acetabular anterior sector angle (S R = 3.4°). Consequently, many of the studied parameters showed a global uncertainty ranging from 5°to 6°except for Centeredge angle, Acetabular anterior sector angle and Acetabular The intraclass correlation coefficients (ICC) were higher than 0.98 for all parameters, except for Acetabular anterior sector angle, for which the ICC was 0.82.
In the presence of axial rotation
For almost all parameters, the biases (calculated with respect to the CT-scan reference values and not to the average value in the neutral position) were not altered by axial rotation of the pelvis (Table 2) . Biases increased only for Center-edge angle and Pelvic tilt, but this increase remained under 1°. The reproducibility standard deviation increased for all parameters with increasing axial rotation, except for Acetabular coverage, where it remained constant (Table 3) . However, the increase in reproducibility standard deviation remained under 1.5°, except for Sacral slope and Pelvic incidence where the increase was higher (about 2.5°).
Consequently, the global uncertainty (ε) increased with axial rotation. It was higher than 5°for all parameters when axial rotation of the pelvis reached 20°. The parameters that were least affected by axial rotation were Idelberg and Frank angle, Acetabular coverage, Acetabular inclination and Acetabular anteversion with a global uncertainty of 6°(or 6 %) for all axial rotations. Sacral slope and Pelvic incidence were the most affected by axial rotation.
The ICC decreased with increasing axial rotation for all parameters. However, ICC remained generally higher than 0.95. The Acetabular anterior sector angle at 20°of axial rotation had the lowest ICC (0.78).
Discussion
The aim of the present study was to evaluate the effect of pelvis axial rotation (from 0°to 20°) on both trueness and precision of 3D pelvic and hip radiological parameters obtained from biplanar radiographs 3D reconstructions. For this purpose, four operators reconstructed the pelvises of six patients, three times each, in different axial rotation positions, in a random order. While the bias increased only marginally with the increase in pelvis axial rotation, the reproducibility standard deviation, and consequently the global uncertainty, increased substantially.
Few studies have evaluated the effect of axial rotation of the pelvis on the accuracy of radiological parameters [35] . However, the comparison of our results to the literature is difficult because the studied parameters had been calculated in 2D. Moreover, the assessment of uncertainty had been performed using a different method. In the current study, we have chosen to apply the guidelines of the ISO standards in order to evaluate the trueness and precision of the radiological parameters [33, 34] .
The results of our study have shown that the precision error of positional and morphological parameters in the neutral position (at 0°of axial rotation) was generally lower than 2.5°or 2.5 %, which is in accordance with previous studies using two-dimensional radiographs [36, 37] . These errors are, however, slightly higher for certain parameters such as Sacral 
slope, Pelvic incidence (S R ≈ 1.5°) [10, 38] and Acetabular inclination (S R ≈ 0.8°) [18] , when compared to previous studies using biplanar radiograph-based 3D reconstructions. The methodology (number of operators, number of reconstructions, and calculation modality) and the use of virtual radiographs instead of real biplanar radiographs could be the reasons behind these differences. The precisions of Pelvic tilt and Pelvic incidence were similar to those reported in the literature (S R ≈ 1°and S R ≈ 2.5°, respectively) [10, 18, 38] . To our knowledge, the evaluation of the trueness (bias) of 3D reconstructions of the pelvis has not been previously reported in the literature.
In the presence of pelvic axial rotation, global uncertainty was altered for all parameters, and this was also mostly due to precision error rather than bias. The pelvic parameters (Pelvic incidence, Sacral slope and Pelvic tilt) were the most affected by the introduction of axial rotation, mainly due to the difficulty to detect the sacral plate on the lateral radiograph with increasing rotation, where the superposition of the iliac wings over the sacral plate rendered its visibility difficult. Hip parameters were less affected and maintained a global uncertainty close to 5°(or 5 %), even in the presence of increasing axial rotation. This can be explained by the fact that, during the 3D reconstruction process, hip anatomical landmarks were detected on both anteroposterior and lateral images, and this detection was rarely affected by axial rotation. Furthermore, the two hips, which had been superimposed in the neutral position, became more distant from each other with increasing degrees of axial rotation; this in turn facilitated the detection of anatomical landmarks by reducing the overlap between the two hips.
Our results have shown greater accuracy (less global uncertainty) compared to those of previous studies performed on 2D radiographs [5] and 2D CT-scans [39] . However, we noticed that the global uncertainty of most parameters sharply increased when axial rotation exceeded 10°.
Multiple studies have previously used the intraclass correlation coefficient to express the precision of 2D parameters. Its value had been generally found to be between 0.50 and 0.99, depending on the parameter and on the level of pelvic tilt and/or axial rotation [2, 6, 9, [39] [40] [41] [42] . In this study, ICCs in the neutral position were found to be higher than those of 2D parameters and close to those reported in the only previous study based on biplanar radiographs. However, several authors have underlined the ICC's limitations [32, 43] . In our study, the ICC was not always related to the reproducibility standard deviation (S R ), i.e., some parameters exhibited higher ICC than other parameters while exhibiting higher S R (Center-edge angle vs Idelberg and Frank angle in the neutral position, for instance). In addition, while the precision of many parameters was altered by increasing axial rotation of the pelvis, the ICC remained very high (≥0.95 for most parameters). For this reason, we preferred to report the global uncertainty on each parameter along with the ICC value.
This study was made possible through the use of digitally reconstructed radiographs, generated from original CT-scan images. Although the use of virtual radiographs instead of real radiographs can be seen as a limitation, this study could not have been done with real radiographs due to the high dose of radiation to which subjects would have been unnecessarily exposed. Moreover, the CT-scans that were used for radiograph generation were obtained on living subjects and therefore included surrounding soft tissues, which allowed the simulation of realistic gray levels on the radiographs. Unfortunately, information about patients and axial rotation levels were not unknown to the operators when they performed the 3D reconstructions. However, the number of reconstructions that need to be performed randomly (30 pairs of radiographs) would limit the impact of this bias on the presented results. In addition, the four operators were blinded of their results until the end of the study. The number of patients included in this study (i.e., six patients), even if relatively large for this kind of study, can also be seen as a limitation. Expanding the number of subjects would increase the statistical power of the results, but would probably not affect the conclusions of the study. Finally, although this study focused only on pelvis axial rotation, the authors acknowledge that pelvic tilt and obliquity (and any combination of axial rotation, tilt and obliquity) could also affect the accuracy of pelvis and hip radiological parameters.
Potential limitations for the use of low dose biplanar radiographs in routine clinical practice are the necessity of a well-trained operator and the time required to perform the 3D reconstructions. Careful and accurate identification of anatomical landmarks during the steps of reconstruction are very important in order to maintain good accuracy for all parameters. Thus, for a trained operator, a thorough pelvis 3D reconstruction could take up to 30 minutes, although the necessary time for reconstruction becomes shorter with increased operator experience and the potential increase of automation with further software improvement. Furthermore, the time required for biplanar radiograph-based 3D reconstruction remains inferior to that required for an accurate pelvis 3D reconstruction from the segmentation of a full set of CT-scan images. Moreover, current studies focusing on the reduction of the radiation dose (from low-dose to micro-dose) are encouraging [44] . This will allow more regular patient examination for follow-up.
In conclusion, while 3D reconstruction decreases the uncertainties of pelvic radiological parameters and could minimize the effect of patient malpositioning during biplanar radiograph acquisition, it is recommended to maintain the pelvis close to the neutral position.
